Abstract: Biochar is one of a series of materials referred to as black carbon because it is produced by thermochemical transformation of the original biomass material under a variety of conditions. The objectives of this paper are to summarize the characteristics of biochar created from different feedstocks and identify the potential of biochar to maintain soil quality and sequester carbon. Biochar properties were analyzed in context to the biochar sources using indicators of their elemental compositions, pH, surface area, and cation exchange capacity. Application effects were also compared to evaluate the potential of biochar as a soil amendment and carbon capture agent on the basis of pot and field study results. Biochar performed well in terms of the improvement of soil pH and organic carbon, the stability of soil fertilizer generated from its large surface areas and cation exchange capacities. In general, the use of biochar proved to be an appropriate strategy for carbon neutralization resulting from carbon storage by itself and the decrease of total greenhouse gas emissions, including CO 2 , CH 4 , and N 2 O, although the effects of biochar on each gas differed significantly. Overall, biochar exhibits great potential for expanded use in environmental fields; however, additional long term field studies that would assess biochar application rates are recommended.
Introduction
Biochar is a stable, recalcitrant organic carbon (C) compound that is produced by thermochemical alteration of biomass (feedstock) for the purpose of soil amendment and carbon sequestration (Jeffery et al. 2011) . Biochar has the potential to be used for a wide range of applications. In agronomy, biochar appears to increase soil fertility and reduce nutrient leaching, thereby improving crop production in coarse-textured soils (Verheijen et al. 2010; Uzoma et al. 2011) . Moreover, biochar is considered to be relatively stable in soil with mineralization rates that are slower than that found in the original biomass (Spokas et al. 2010) . This makes biochar attractive as a carbon sequestration option in addition to its potential for enhancing soil quality and minimizing the release of environmental pollutants (Clough and Condron 2010) . However, a large degree of uncertainty about the actual chemical composition of the biochars prevails owing to their relatively nonuniform chemical properties (Barrow 2012; Manya 2012) . In fact, through meta-analysis of existing studies, there has been no identifiable trait that could be correlated with yield improvements (Crane-Droesch et al. 2013) .
There is evidence of a prominent increase in the wealth of biochar literature in response to the identified potential uses of biochar in various fields, such as environmental remediation, agriculture, carbon sequestration, and greenhouse gas mitigation from soils (Verheijen et al. 2010; Gurwick et al. 2013; Liu et al. 2013) . Biochar properties vary significantly on the basis of their respective feedstock and production process which can in turn affect their performance in field-scale, agricultural applications, and their ability to sequester carbon (Kookana et al. 2011; Meyer et al. 2011; Sohi et al. 2010) . Moreover, soil properties and climatic conditions are also considered as critical factors which control the consequences of biochar amendment (Liu et al. 2013; Sohi et al. 2010; Atkinson et al. 2010; Huang et al. 2013) . Several studies have systematically evaluated various aspects of biochar amendment to agricultural soils through meta-analysis of relevant information extracted from published databases (Jeffery et al. 2011; Verheijen et al. 2010; Liu et al. 2013; Biederman and Harpole 2013) . Overall, results from meta-analysis clearly show an overall positive response in terms of improvement in soil quality. Upon amendment, the properties of biochars such as pH, nutrients, C-content, porosity, and surface area can significantly affect the biochemical and biophysical mechanisms of interaction between soil microfauna, mesofauna, and macrofauna in turn affecting both aboveground and belowground soil ecosystem responses (Ameloot et al. 2013; Lehmann et al. 2011) .
Systematic evaluation of the use and function of various biochars in agricultural soils in terms of changes to physical-chemical and biological soil properties which are typically dictated by the type of amended biochar is a rapidly developing area of research (Jeffery et al. 2011; Barrow 2012; Meyer et al. 2011; Sohi et al. 2010 ; 1 Biederman and Harpole 2013; Lehmann et al. 2011; Filiberto and Gaunt 2013) . On the basis of recommendations from recent review studies (Jeffery et al. 2011; Verheijen et al. 2010 Verheijen et al. , 2014 Barrow 2012; Gurwick et al. 2013; Liu et al. 2013; Kookana et al. 2011; Sohi et al. 2010; Atkinson et al. 2010; Huang et al. 2013; Biederman and Harpole 2013; Ameloot et al. 2013; Xu et al. 2012) , it is quite evident that the effects of biochar feedstock and production processes on the physical-chemical and biological indicators of soil quality must be better understood to devise effective management strategies. The purpose of this review is to evaluate the effects of feedstock and production conditions on biochar properties and assess their performance while focusing on changes to soil quality and extent of carbon sequestration so as to inform future decisions pertaining to the selection of appropriate biochar types for field trials.
Properties of Biochars: Influence of Feedstock and Production Process
Biochars can be produced from different feedstocks (e.g., agricultural residues, wood chips, manure, and municipal solid waste) and through several conversion technologies, among which slow pyrolysis is the most widely-used process because of its moderate operational conditions and relatively high solid yields (Kookana et al. 2011; Filiberto and Gaunt 2013; Xu et al. 2012; Keiluweit et al. 2010) . A number of studies have investigated the influence of the type of feedstock and conversion technology employed on biochar properties (Novak et al. 2009; Lee et al. 2010; Fabbri et al. 2012; Ronsse et al. 2013) , generally observing relationships among feedstock properties and biochar chemistry and physical and chemical effects from the type of heat treatment employed for biochar production.
Because the characteristics of biochars originating from different feedstocks and varying conversion conditions can have a controlling influence on its performance, there is a need for greater collaboration among researchers in different fields of study: production and characterization of biochar on one hand and the measurement of both environmental and agronomical benefits linked to the addition of biochar to soils on the other (Manya 2012) . Ideally, published experimental results concerning the effect of the addition of biochar to soil properties have been reported along with the characteristics of the biochar used in the study. This is particularly evident when one examines the range of chemical composition and structure that comprises the spectrum of biochar materials (Spokas et al. 2010; Harvey et al. 2012) . This section of the review sheds light upon the changes in soil quality followed by biochar amendment and important mechanisms of biochar-soil interaction as a function of biochar properties such as elemental compositions, surface area, pH, water uptake, and cation exchange capacity, all of which should be taken into consideration prior to the application of biochars for enhancing the soil quality. For a better understanding of the biochar properties in relation to their feedstock and pyrolysis conditions, the physical-chemical properties reported in previous studies are categorized on the basis of their feedstocks into agricultural residues, woody biomass, or feedstock sources such as manure, sewage sludge, poultry litter, etc. and presented in Tables 1-3 . General variation of property with pretreatment, pyrolysis temperature and residence time is shown in Table 4 .
Carbon Content
On the basis of existing information on biochar properties from different feedstocks (Tables 1-3) , it is evident that the compositions of C content in biochar from wood were relatively higher than that of the biochars created from agricultural residues and other feedstocks, which is likely because of the higher abundance of lignin in the wood biomass that already possesses an aromatic alcohol polymer component (Huang et al. 2012) .
Additionally, it has been observed that the proportion of elemental carbon in the biochars increases with increasing pyrolysis temperature, indicating that the degree of carbonization increases because of thermochemical conversion of a more labile fraction of organic residues in the feedstock (such as fatty acids and cellulose) into highly aromatic and more stable forms of carbon (Zheng et al. 2010 ). There were a couple of noteworthy exceptions that occurred in the trends observed for carbon content in biochars with increasing pyrolysis temperature (Table 4) . One exception occurred when the biochar was from corn stalk as its total carbon content decreased from 56.8% at 300°C to 48.4% at 500°C (Feng et al. 2012) , and the other was for biochars obtained from phytoremediation plants comprising a wood mixture of poplar, willow, maize, and meadow grass, wherein the % total carbon content decreased when the highest pyrolysis treatment temperature increased from 450 to 550°C (Břendová et al. 2012) . However, some of these trends could be pyrolysis-unit specific and not hold across different pyrolysis platforms, as has been observed for the chemical composition of sorbed organics (Spokas et al. 2011a) . Therefore, it is important to examine the significance of the chemical composition of the biochar along with pyrolysis conditions to better understand these factors across the different literature studies (e.g., proximate and ultimate analyses).
The stability of biochar in soil is a critical factor to account for prior to testing its application as a soil amendment to ensure that the benefits associated with soil quality improvement are sustained (Budai et al. 2013) . There is sufficient evidence from literature that biochar stability in soil can to a certain extent be related to the volatile matter content and O:C molar ratios (Spokas 2014; Zimmerman 2010) . Previous studies indicate that the volatile matter in biochar can affect the overall microbial activity when amended to soil and in some cases, result in increased mineralization rates consequently from stimulated microbial respiration (Spokas 2014) . On the basis of analysis of the data set presented in Tables 1-3 , it is evident that the proportions of volatile matter content in biochars are more sensitive to pyrolysis temperature rather than the feedstock types. The amount of volatile matter content decreased consistently with increasing pyrolysis temperature (Table 4) , and previous studies indicated that biochars with volatile matter higher than 80% (w/w) can be decomposed at much higher rates rendering them unsuitable for long-term carbon sequestration (Enders et al. 2012) .
Ash content typically increased as the charring temperature and duration of the process increased, whereas the volatile matter content decreased with the increase in charring temperature and duration, as reported in Tables 1-3. Relative elemental contents showed the rapid loss of O and H occurred between 300 and 500°C (Keiluweit et al. 2012) . With an increase in temperature, the decrease of O and H should result from the decomposition of organic compounds present in the feedstock (i.e., cellulose, sugars, carbohydrates, lignin) and the cleavage and cracking of weak bonds within the newly-formed aromatic charred structures (Kim et al. 2012; Tsai et al. 2012 ).
Nutrients Composition
Total N content in biochar generally decreased with an increase in the pyrolysis temperature (Feng et al. 2012 ). However, in some studies, there was no significant trend reported between N content and temperature. Spokas et al. (2012a) reported a patented on an oven-dry basis.
b Shredded leaves, twigs, branches of coniferous trees and shrubs chopped and passed through a 2 mm screen and pelletized to 6 mm diameter.
c Spray-dried and pelletized to 15 mm diameter. Table 4 . Carbon content increased when residence time increased from 2 to 4 h, but changed little after that, even if the residence time increased to 8 h.
technique to enrich biochar with N through sorption of N-containing compounds and use it as a fertilizer. González et al. (1992) and Khan et al. (2008) have found that such biochars can be used as N-rich slow release fertilizers. Ammonia exposed to black carbon surfaces is known to react with surface oxygen groups, which leads to the formation of amines and amides under ambient (<100°C) conditions (Seredych and Bandosz 2007) or ammonium salts, depending on the specific type of chemical reactions (Spokas et al. 2012b) . Further investigation of these N-sorption mechanisms has shown that some of the sorbed N is bioavailable (Taghizadeh-Toosi et al. 2011) , which also suggests the importance of the ammonium salt formation on the surface of biochar.
N contents were in the range of 0.3-3.3% for biochars produced from agricultural residues (Table 1), whereas they were relatively low and constant for wood chars produced by slow pyrolysis with a range from 0.06 to 1.2% (Table 2 ). The highest range of N content (0.7-15%) was observed in biochars produced from other feedstocks with relatively high values for cow milk casein and spruce casein (Table 3) . These trends strongly suggest that the enrichment of N-containing compounds is a function of the feedstock (Keiluweit et al. 2010) . In some studies, N content was enriched with charring temperature and duration, ranging from 0.97 to 1.73% (Peng et al. 2011 ). This can be further enriched if a high N feedstock is utilized (e.g., manures, distillery grains, sewage sludge; Chan et al. 2007; Van Zwieten et al. 2010; Joseph et al. 2010 ). Higher pyrolysis temperatures and longer durations were also accompanied by increases in total P and total K (Feng et al. 2012; Peng et al. 2011) .
Biochars have specific elemental compositions that can be linked to the feedstock. Manure-derived biochar is rich in soil nutrients such as N, P, Ca, Mg, and K (Tsai et al. 2012; Cao and Harris 2010; Dias et al. 2010; Uzoma et al. 2011; Cantrell and Martin 2012) . Higher concentrations of N and P in wastewater sludge biochar and other micronutrients and macronutrients are also the primary reason for the use of wastewater sludge in biochar production and agricultural utilization (Hossain et al. 2011) . Compared to the widely-used biochar feedstock, algae tend to be comparatively low in carbon but often high in N, P, and other nutrients (Bird et al. 2011; Torri et al. 2011) . Consequently, these biochar feedstocks could be an attractive option for carbon sequestration and soil amelioration. However, this aspect needs to be comprehended with more caution because the selection of biochar on the basis of nutrient content alone does not necessarily result in sustained soil quality enhancement, and it is always possible to account for the nutrient deficit through external fertilization if required. Compared to ligno-cellulosic biomass sources, biochar from algae was comparatively low in C (20.5-32.1%), high in N (1.9-4.0%) with H contents ranging from 2.5 to 4.1%, and also high in some inorganic elements such as Na and K (Bird et al. 2011) . However, these differences could also be linked to the differences in pyrolysis units and conditions. Feedstock pretreatment procedures also affect biochar elemental compositions (Table 4) . Compared with the undigested sugar beet tailings, digested feedstock contained more H and N and less O. After the anaerobic digestion, most of the inorganic elements in the residue materials, such as Mg and Ca, increased, except for K, which decreased (Yao et al. 2011 ).
Structure and Functional Group
In studies of the basic structure of biochar, the experimental results of thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy (FTIR), nuclear magnetic resonance (NMR) and X-ray diffraction (XRD) indicated that the formation of highly ordered aromatic structures of biochar began at 400°C (Kim et al. 2012) . Adsorption intensified at the bands 3,400 and 2,900 cm −1 and decreased with increasing charring temperature and duration time, which indicated a reduction of O-H and aliphatic C-H bonds. At the same time, the adsorption at the band 1,400 cm −1 intensified, which demonstrated that the increase in pyrolysis temperature led to the formation of biochar with an aromatic carbon structure (Kim et al. 2012; Peng et al. 2011; Bird et al. 2011) .
For the surface functional group, the oxygen containing functional groups on the surfaces of biochar resulted in an apparent surface acidity/basicity of the material (Puri et al. 1958 ). The total acidity decreased and the basicity increased with the increase in pyrolysis temperature. The carboxyl acidity decreased in a similar trend, as did the surface density of functional groups (Chun et al. 2004) .
Biochar derived from an activation process generally has special functional characteristics. A novel magnetic biochar was prepared by chemical coprecipitation of Fe 3þ =Fe 2þ on orange peel powder and subsequently pyrolysed under different temperatures, which resulted in the formation of iron oxide magnetite and biochar preparation all in one step (Chen et al. 2011 ).
Surface Area
Among the operating conditions for the slow pyrolysis process, the peak temperature seems to be the most important parameter that affects the characteristics of biochar, especially the surface area (SA) (Manya 2012) . In general, both porosity and SA increased as the temperature increased (Keiluweit et al. 2010; Bird et al. 2011) . The reason for this may be attributed to the development of dense, highly disordered graphene layers called turbostratic crystallites attributable to condensation of carbon, consequently forming greater micropores and nanopores within the biochar structure (Keiluweit et al. 2010; Gray et al. 2014 ). In general, biochar amendment to soil increased the porosity, plant-available water, and nutrient retention capacity and decreased the soil bulk density (Lei and Zhang 2013) . The distribution of pore size in biochars, which is representative of the extent of micropores, mesopores, or macropores, was found to be a critical factor that affects the belowground soil ecosystem (Verheijen et al. 2010) . For example, porosity of biochars produced at higher treatment temperatures were largely because of micropore formation, and amending such biochars to soil can favor the colonization of microbes within the pores and protect the microbial community structures against grazing by other organisms, which are limited from entry into the pores because of their larger size (Verheijen et al. 2010) . The incorporation of biochars with high sorption capacity to soils can additionally help capture certain toxic compounds such as pesticides, herbicides, and PAHs which can otherwise leach into the environment or be easily transported, thereby increasing the risk of subsurface pollution (Cao and Harris 2010; Verheijen et al. 2010) .
The SA values varied significantly between biochar created from digested and undigested biomass, as shown in Tables 1-3 . Biochar from digested biomass had significant N 2 SA ð336 m 2 =gÞ compared with the N 2 SA ð2.6 m 2 =gÞ of the biochar from the undigested biomass (Yao et al. 2011) . In some studies, the SA value for wood char was much higher (347 m 2 =g), which means that the biochar from biomass with an abundance of ligno-cellulosic plant matter was significantly higher than that of grass char (140 m 2 =g) (Keiluweit et al. 2010) . The SA of biochar can be substantially enhanced through a physical or chemical activation process (Azargohar and Dalai 2011; Fitzmorris et al. 2006) . When the physical activation processes lead to a significant increase in the biochar SA, this secondary activation process can be a thermal step (temperature activation at a final temperature of 700-850°C), an additional chemical reaction step (catalysts or reaction agents addition, i.e., ZnCl 2 , HNO 3 , H 2 PO 4 ), or a combination of both (Manya 2012) . In terms of chemical activation, KOH steamactivation (Azargohar and Dalai 2011; Ippolito et al. 2012) or phosphoric acid impregnation Lim et al. 2010 ) are used in the production of activated charcoals, which can lead to the SA in excess of 1,000 m 2 =g. However, there is some suggestion that with time, the biochar pores do become clogged, and this physical alteration can change the interaction of biochar in the soil environment (Li et al. 2013; Spokas 2013; Naisse et al. 2015) . Thus, additional research on the effects of biochar ageing in soil on its available surface area are warranted.
pH
Biochar is commonly alkaline (Yuan et al. 2011) . The pH values of biochar at different pyrolysis temperature ranged from slightly acidic (≈6.5) to highly alkaline (≈11.5) across a wide variety of feedstocks and residence time intervals (Tables 1-3) . In some studies, the biochar that was produced was near neutral pH (Rondon et al. 2007 ). The alkalinity and pH of the biochars generally increases with increased pyrolysis temperature and residence time in the reactor. In a study by Yuan et al., X-ray diffraction spectra and the carbonate content of the biochars implicated carbonates as the major alkaline components of the biochars generated at the high temperature (Yuan et al. 2011) .
The pH changes in soil ecosystem following the application of biochar is a function of the initial pH of both the soil and the biochar. Biochars produced at a higher treatment temperature which generally had alkaline pH were found to significantly affect the aboveground productivity on soils. However, this positive effect appeared to be more predominant in the case of acidic soils compared to alkaline soils (Biederman and Harpole 2013) . Several studies have reported this liming effect following biochar application to soils as a critical factor behind soil amelioration through increased phytoavailability of essential nutrients for plant growth (Verheijen et al. 2010) . For example, increased soil pH by biochar addition can reduce the bioavailability of toxic forms of Al, Cu, and Mn and increase the availability of essential nutrients such as Na, K, Ca, Mg, and Mo, thereby rendering a favorable environment for plant growth (Atkinson et al. 2010) .
Water Uptake and Cation Exchange Capacity
The polar groups on activated carbon surfaces act as water adsorption centers and facilitate the formation of water clusters on the carbon surfaces. A similar effect is expected among biochar samples. Thus, the molar O/C ratio of a char should partially indicate its surface hydrophilicity (Chun et al. 2004 ). The much higher water uptake for biochar produced at a lower temperature was reflective of both the higher molar O/C ratio and the higher surface affinity for water.
Water extractable organic carbon (WEOC) is also widely used to evaluate the strength of the link between water and biochar surface. Chemical treatments with H 3 PO 4 or KOH increased the WEOC concentration, possibly by promoting hydrolysis reactions on biochar surfaces .
Cation exchange capacity (CEC) varied significantly between biochars from different feedstocks; this ranged from 4.5 to 40.0 cmol=kg (Uzoma et al. 2011; Bird et al. 2011; Rondon et al. 2007 ). The biochar produced from anaerobically digested bagasse residue had a higher CEC and a more negative surface charge compared to that from the undigested bagasse biochar (Yuan et al. 2011 ).
Compared to many terrestrial biomass biochars, the CEC of biochar from algae was relatively high (29-41 cmol=kg) with extractable Ca, Mg, and K that ranged from 27 to 485 cmol=kg (Bird et al. 2011) .
Effects of Biochar Amendment on Soil Properties
Improved soil properties is a commonly reported benefit of amending soils with biochar. However, experimental results in prior studies were variable and the results dependent on the biochar applied, experimental setup, and soil properties and conditions, as shown in Table 5 . Biochar from different feedstocks produced at different conditions (i.e., pyrolysis temperature, duration time, and sieve size) were compared. Some experimental conditions were taken into consideration, such as the study region and period, soil types, and biochar application rates. Soil texture was grouped into three basic classes (fine, medium, coarse) because of the lack of consistent data on soil texture in the literature, such as the particle size distribution and soil fertility. Effects of biochar on soil amendment and fertilization were evaluated by measuring the improvement in pH and soil organic carbon. Results showed an overall small but statistically significant benefit from biochar application on the improvement of soil properties (Jeffery et al. 2011; Biederman and Harpole 2013) . However, the results for each analysis performed within the meta-analysis lacked consistency; they covered a wide range (from 15% to more than 100%).
Biochar from different feedstocks, such as agricultural residues, wood, and manure, all had a positive effect on soil fertilization (Steiner et al. 2007 ). However, because of the higher amount of nutrients, one would expect this type of gain in soil fertility. Hardwood biochar produced by traditional methods (kilns or soil pits) possessed the most consistent increase in soil fertilization when added to soils, as observed in other studies (Spokas et al. 2012b ). However, the greatest (positive) effects with regard to soil analyses were usually seen in coarse soils with biochar from feedstocks containing sufficient nutrients itself. Cow manure biochar applied at a rate of between 10 and 20 t=ha (Uzoma et al. 2011 ) and poultry litter biochar (Dias et al. 2010) showed the strongest (significant) positive effect from among the biochar feedstocks considered.
Experimental conditions affected the amendment efficiency of biochar on soil properties. On the basis of a long term study, biochar from rice residues was found to be beneficial in rice-based systems, but the actual effect on soil fertility and organic carbon depended on site-specific conditions (Haefele et al. 2011) . The efficiency of the biochar application practices is usually sitedependent and not relevant to all geographic zones and climatic conditions (Stavi and Lal 2013) .
Based on the studies, pH increased with the biochar amendment, especially in the long-term (Rondon et al. 2007; Haefele et al. 2011; Zhang et al. 2010a) . The increase in pH in acidic soils had the effect of alleviating the Al toxicity in ultisols and can improve CEC so that it increases the bioavailable P and base cations that are responsible for soil fertility (Peng et al. 2011) . Additionally, the porous structure of biochar that retained water and improved water balance resulted in better nutrient availability. However, the duration of this positive impact is not known (Spokas et al. 2012b) . Biochar amendments also increased the soil organic carbon (SOC) and total N (Zhang et al. 2010b; Beck et al. 2011 ). The proportion of N derived from biological N fixation increased significantly from 50% without biochar additions to 72% with 90 g=kg biochar added to soil (Rondon et al. 2007 ). High levels of soil organic carbon accumulation enhanced N efficiency, thus offering a further opportunity to save N fertilizer. Biochar also improved the CEC of soils and the availability of other elements, such as P, K, Mg, Ca, Mo, and B (Rondon et al. 2007; Silber et al. 2010) . Similarly, substantial amounts of K (8.5-10.2%) and S (20.2-28.3%) were recovered with the amendment of biochar from sewage sludge (Yao et al. 2010) .
Besides the decrease in discharge of total N and P, soils containing biochar showed increased water retention and improved runoff water qualities because of the excellent water uptake and CEC abilities of biochar (Beck et al. 2011) . The soil amendment capabilities of biochar also resulted in the improvement of the biological properties of the soils. Biochar pyrolysed at 700°C from poultry litter and pine chips both resulted in significant reductions in Escherichia coli transport (Hossain et al. 2010) .
Generally, biochar applications can improve soil chemical, biological, and physical properties. However, many of the auxiliary data sets (i.e., fertilizer type and application rate) are incomplete, and the full range of relevant soil types has yet to be investigated. Besides this, the environmental and management conditions in different regions and the soils chosen for study differed significantly. Furthermore, the study periods varied considerably and most were only short-term studies limited to periods of less than 1 year. To obtain a comprehensive result of the biochar effects on soil properties, more factors should be considered such as practical operation conditions, environmental and management factors (Biederman and Harpole 2013) , and more long-term studies should be conducted.
Effects of Biochar Amendment on Carbon Sequestration in Soil
Biochar amendment to the soil not only enhances the fertility and vitality of the soil, but also sequesters the carbon. Recycling biomass in the form of biochar is considered as the most straightforward and attractive idea for the biosequestration of carbon (Mathews 2008) . Soil carbon or dissolved organic carbon (DOC) as shown in Table 6 , biochar sequestered carbon in the soil by increasing the storage of carbon in soil, thus decreasing greenhouse gas emissions. During a long-term test and modeling, carbon lost in the biochar was minimal, thereby decreasing atmospheric carbon emissions (Mathews 2008) .
Life cycle analysis (LCA) of biochar illustrated that the reduction of greenhouse gas emissions derived mainly from changes in the emissions associated with the production of feedstock, avoided emissions associated with the application of fossil fuel with bioenergy, stabilization and storage of carbon in biochar, and the reduction in agricultural emissions of N 2 O, resulting in savings on fertilizer associated with use of biochar on agricultural land (Gaunt and Lehmann 2008) . Generally, biochar application reduced total greenhouse gas emissions (Mathews 2008; Spokas et al. 2009; Castaldi et al. 2011; Mao et al. 2012) . However, the impact of biochar on different greenhouse gases including CO 2 , CH 4 , and N 2 O varied significantly and separately. Biochar amendments generally reduced CO 2 production by improving carbon stabilization (Spokas et al. 2009 ). However, no significant effect was observed on soil CO 2 respiration that was measured in the field (Castaldi et al. 2011 ). The differences generated from the methods used for calculating the CO 2 . CO 2 that originated from the biochar was subtracted from the soil-biochar combination to identify the impact of biochar on soil respiration (Spokas et al. 2009 ).
The impact of biochar on CH 4 emissions varied significantly. Paddy CH 4 emissions significantly decreased under biochar amendments, which did not result from the inhibition of methanogenic growth but resulted from the significant decrease of the ratio of methanogenic to methanotrophic abundances (Feng et al. 2012) . No significant differences in the CH 4 fluxes were observed among 98-150 Uzoma et al. (2011) Note: SOC = soil organic carbon. different treatments with just a few exceptions (Castaldi et al. 2011) . In some studies, the total CH 4 emissions even increased with biochar amendment (Zhang et al. 2010a ). That could be attributed to inhibitory effects of chemicals in the biochar on the activity of methanotrophs (Spokas et al. 2010 ). In addition, sorbed hydrocarbon components of biochar could decompose (Spokas et al. 2011b; Jandl et al. 2013 ) and become a competitive source of substrates, actually promoting methane emissions through reduced methane oxidation activity (Spokas and Reicosky 2009) . Biochar additions have occasionally resulted in significant reductions in the release of N 2 O following incorporation, which is commonly assessed through laboratory incubations (Spokas and Reicosky 2009; Yanai et al. 2007; Case et al. 2012 Case et al. , 2014 Smith et al. 2010) . It is hypothesized that this results from an impact on the microorganisms that fix N (Zhang et al. 2010a ) and other impacts on the microbial population by the biochar (Lehmann et al. 2011) . In biochar-treated plots, soil N 2 O fluxes ranged from 26 to 79% lower than the N 2 O fluxes measured in the control plots (Castaldi et al. 2011) . The proportion of fixed N rose from 50% without biochar additions to 72% with 90 g=kg biochar added, and the N 2 O fluxes decreased (Rondon et al. 2007 ). On the other hand, high N-containing biochars have also stimulated N 2 O emissions (Spokas and Reicosky 2009; van Zweiten et al. 2010) . Those results demonstrated the potential of biochar applications to manipulate the rates of N cycling in soil systems by influencing nitrification rates and adsorption of ammonia and increasing NH þ 4 storage by enhancing the CEC in the soils (Spokas et al. 2012b) , thus improving the effectiveness of N inputs into agroecosystems (Clough and Condron 2010) . However, this has not been conclusively demonstrated. Some studies were conducted on the longtime stability of biochar to evaluate the wide application potential of biochar. The study of biochar from different feedstocks demonstrated that all biochar displayed log-linearly decreasing mineralization rates that, when modeled, were used to calculate 100-year C losses of 3-26% and biochar C half-lives on orders ranging from 102 to 107 years (Zimmerman 2010) . Another study also reported that biochar stocks decreased rapidly within the first 30 years after deposition and leveled off afterwards. The change in biochar stocks likely involved a number of processes including decomposition, erosion, and transport below the depth of observation (Nguyen et al. 2008 ). In addition, the effect of weathering of biochar may alter the impact on the greenhouse gas (GHG) balance immediately following incorporation that was initially observed (Biederman and Harpole 2013; Spokas 2013) .
A more reliable predictor of overall stability of biochar in soils might be the O:C molar ratio. Biochar with an O:C molar ratio of less than 0.2 are typically the most stable, processing an estimated half-life of more than 1,000 years, and biochar with an O:C ratio of greater than 0.6 possesses a half-life in the order of over 10 years (Spokas 2014) . In addition, other researchers have formulated an empirical index on the basis of multiple properties to determine the overall stability of biochar (Harvey et al. 2012 ), but no matter what index system is used, the one clear conclusion is that not all biochars are chemically equivalent.
Methods that predict the effects of long-term stability of biochar are still limited because of the overall lack of understanding of how biochar affects the soil microbial community that mediates many of these processes (Lehmann et al. 2011) . A majority of the existing laboratory and field studies have utilized freshly created biochars. Conversely, aging or weathering has been hypothesized as a critical factor for the interaction of biochar with soil microbial communities and chemical properties, particularly for the sorption of N-containing compounds (Seredych and Bandosz 2007) . There is already evidence in the literature suggesting that the aging of biochar affects compound sorption (Hale et al. 2012 ). In particular, the formation of additional binding sites and more oxygen containing surface groups have been the fundamental hypotheses behind these observations . The initial research on the weathering suggests a limited temporal extent of these initial biochar impacts. For instance, Spokas (2013) observed the laboratory mitigation potential of biochar and found that it was eliminated after over three years of field exposure. Long-term studies are critically needed to fill the missing knowledge gap on the impact of weathering on biochar to identify whether biochar is the most cost effective and environmentally friendly management practice for crop culture.
Conclusion
Soil quality improvement and carbon sequestration are two of the commonly reported benefits of biochar amendment of soils. Experimental results are varied and dependent on the experimental setup, biochar, and soil properties and conditions, whereas causative mechanisms related to the various characteristics of biochar are yet to be fully clarified. However, the following general recommendations on biochar production and properties can be given for the application of biochar: (1) the most effective feedstock of biochar should be selected before utilization in the fields; (2) generally, biochars from feedstock that contain sufficient nutrients itself, such as manure and poultry litter, show better effects on soil quality improvement because of the higher N and P content; (3) a balance between higher adsorption capacities and lower carbon content with the increase of hydrolysis should be considered when producing biochar. Biochars produced at a higher peak temperature usually have a higher SA and could be used as an adsorbent. The increase of the aromatic carbon structure with the increase of hydrolysis temperature could also enhance the resistivity to microbial decomposition. However, biochars pyrolysed at relatively lower temperatures show better activity in soil and have higher surface affinity for water because of the higher molar O=C ratio; (4) soil texture should always be considered because the effects of biochar on the increase of pH, SOC, CEC, and some nutrients such as N, P, and K are only significant in typical soil conditions. Usually, biochars amended to coarse soil shows better improvement effects; and (5) biochars that have the proper chemical composition (O∶C < 0.2) perform well as a carbon sequestration agent. However, the long-term effects of biochar on greenhouse gas emissions, including CH 4 , CO 2 , and N 2 O, still call for further study. Generally, the study of the combination of biochar properties and amendment effects are insufficient, and the results of only a small number of short-term pot or field studies limited to periods of 1-2 years are currently available. This review highlights the need for a strategic research effort that will combine the effects of biochar applied to soil with the details about the characteristics of biochar and soil to be amended, allow for the elucidation of mechanisms that are differentiated by environmental and management factors, and also include studies that occur over a longer time period.
